CSM is a common neurologic disease that results in progressive disability and eventual paralysis without appropriate treatment. Imaging plays a significant role in the evaluation of CSM and has evolved with recent technical advances. We sought to systematically explore the relationship between clinical disease severity and DTI in CSM, and to investigate the potential use of DTI in surgical decision-making models.
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SM is characterized by spontaneous degeneration of the paraspinal bone, ligament, and intervertebral disk. 1 It occurs in 60% of the population aged 40 and older. 2 Progressive narrowing of the spinal canal induces myelopathy through direct compression, ischemia, and other pathologic processes affecting the spinal cord. 3 Recent reports suggest that DTI may serve as a biomarker of spinal cord injury associated with CSM. [4] [5] [6] [7] DTI parameterizes water diffusion within tissues and reports, among other metrics, the FA of the diffusion. FA represents an estimate of the directionality of water diffusion at the voxel level. Highly oriented axonal membranes and myelin sheaths are believed to produce highly anisotropic diffusion. 8 Long tract demyelination and atrophy have been shown to reduce FA, as water diffuses more readily across damaged axonal membranes than it does across intact membranes and myelin sheaths. 9, 10 Theoretically, DTI appears well suited to evaluate the axonal pathology underlying CSM. Yet it still must be validated before providing significant utility for treating clinicians. Current anatomic imaging often reveals findings discordant with patients' functional status, thereby creating a management dilemma. [11] [12] [13] [14] [15] For instance, spinal stenosis may represent benign age-related spondylosis in an otherwise healthy person, whereas, in another person, it may represent the focus of progressive myelopathy. Imaging that clearly differentiates these patterns would greatly improve diagnostic confidence.
Researchers have also suggested that, by assessing spinal cord integrity, DTI may assist with clinical decision-making. 5, 16 However, the usefulness of DTI rests on anchoring metrics such as FA to physical examination findings as well as patients' quality of life. Anchor-based approaches are commonly used and accepted methods for investigating a new measurement based on existing outcomes (eg, FA values based on patients' perceived outcome after surgery). 17 Contextualizing DTI with respect to such outcomes would serve to establish a biomarker for CSM, a disease without feasible access to tissue histology. In addition, anchoring would enable radiology-based health care outcomes research into therapeutic efficacy. This method of analysis is presently lacking in the CSM literature.
We hypothesize that a strong agreement exists between DTI and clinical disease severity in cervical spondylotic myelopathy. This work provides evidence supporting the use of DTI in routine diagnostic imaging of CSM. In addition, we investigate the correlation between physical examination findings and postsurgical outcomes to FA. The latter aim of identifying patients who may benefit from surgical intervention has important implications for managing CSM and for potentially reducing health care expenses.
Materials and Methods

Subjects
The study was conducted with approval from the institutional review board and in compliance with the Health Insurance Portability and Accountability Act. Thirty patients with CSM (14 male, 16 female; mean age 62 years, range 37-83 years) were prospectively studied between April 2010 and July 2011 (Table 1) . Baseline functional status was assessed with Nurick, mJOA, NDI, and SF-36 scoring instruments at the initial office visit. Patients underwent MR imaging of the cervical spine within 50 days of their first appointment. All subjects were used in the anchoring analysis.
Fifteen of these subjects subsequently underwent decompressive surgery and were reassessed clinically to determine postoperative outcome. DTI was not performed postoperatively due to extensive imaging artifact imparted by surgical hardware. Surgical subjects were followed from initial office visit to the termination of the study. Mean postoperative follow-up time was 181 days (range 59 -373 days).
Clinical Assessment
Subjects were treated by a fellowship-trained, board-certified neurosurgeon (P.C.H.) and received standard of care management for CSM. No specific threshold regarding the degree of myelopathy determines conservative treatment versus surgery. Indications to perform surgery include moderate and severe myelopathy symptoms, evaluating the ability to use one's hands, ambulate, and void, whereas Nurick focuses on gait. 18, 19 Both mJOA and Nurick scores were calculated from the study neurosurgeon's history and physical examination report by an investigator blinded to imaging results. NDI is a 10-item scaled questionnaire completed by the patient, who focuses on activities of daily living. 20 SF-36 is a multipurpose, short-form health survey completed by the patient. It yields an 8-scale profile of functional health and well-being, psychometrically based physical and mental health summaries, and a preference-based health utility index.
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Imaging MR imaging of the cervical spine was performed on a 3T HDxt scanner (GE Healthcare, Milwaukee, Wisconsin) with a dedicated cervical spine coil. Standard sagittal T1WI (TR ϭ 700 ms; TE ϭ 11.7 ms; FOV ϭ cm 2 ; matrix ϭ 256 ϫ 320; section thickness ϭ 3 mm), T2WI
( four contiguous transverse 4 -mm thick sections were acquired. Scan time for the DTI protocol was 3 minutes, 55 seconds; total scan time was 33 minutes, 13 seconds.
Image Analysis
Raw DTI data were postprocessed off-line using an Advantage workstation (ADW 4.0; GE Healthcare) to create FA maps of 3 axial sections: at C2-C3, at the level of most severe stenosis, and at C7-T1.
Image registration was performed with eddy current correction. Measurements were performed by a single board-certified, fellowshiptrained neuroradiologist with 15 years' experience (M.L.). At each of the 3 sections examined, spinal cord area was determined on the matching T2 axial section. Seventy percent of the area was then incorporated into 3 isometric regions of interest drawn over the spinal cord (right, center, left) on FA maps (Fig 1) . The maximum average FA value was then selected for analysis. Interobserver and intraobserver coefficients of variation of 30% and 32%-41%, respectively, have been reported for this technique. 24 Conventional imaging was also reviewed for evidence of CSM using 2 common metrics: abnormal spinal cord signal on T2 and degree of spinal stenosis. The presence of high SI on T2-weighted axial or sagittal images of the cervical spinal cord denoted a positive finding, whereas lack of high SI was considered negative. 25, 26 Spinal stenosis was assessed by measuring DCSA at the level of worst stenosis on T2-weighted axial images.
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Statistical Analysis
The Kolmogorov-Smirnov test was used to examine normality for all continuous measurements. All MR imaging measurements except C7-T1 FA were found to exhibit a normal distribution. However, no clinical score measurement fit a normal distribution. Baseline comparisons between surgery and nonsurgery groups were made using the 2 test for categoric measurements (eg, sex) and Wilcoxon rank sum test for continuous measurements (eg, FA). Correlations between clinical and MR imaging measurements were examined using Spearman correlation for DTI and DCSA, and t tests for T2 SI. The area under the ROC curve was used to assess and compare the prediction accuracy between DTI, T2 signal, DCSA, and mJOA. Length of follow-up and age at baseline evaluation were examined as potential confounders before performing the correlation analysis. By definition, a confounder must associate with both variables in the correlation analysis. 28 We determined that length of follow-up was not a confounder. Conversely, age at baseline evaluation did correlate with both MR imaging measurements and change in clinical score after surgery, so partial Spearman correlation was used to control the confounding effect of age. Logistic regression was used to test the interaction between baseline clinical and MR imaging measurements in predicting the chance of achieving recovery of function.
Results
DTI of the cervical spine with region-of-interest analysis was
successfully performed in all patients. In most cases, extensive degenerative change resulted in multilevel CSM. All MR imaging measurements, except C7-T1 FA, were found to exhibit a normal distribution. However, no clinical score measurement fit a normal distribution. As described below, agreement was found between FA values from region-of-interest analysis of axial DTI data and baseline mJOA and Nurick scores. Of the 15 subjects who underwent surgery, a significant relationship was found between FA values and postoperative functional recovery assessed by NDI.
Correlation with Initial Clinical Assessment Scores
In patients with CSM, poor neurologic function, assessed with mJOA and Nurick scores, is associated with lower FA throughout the cervical spinal cord ( Table 2 , Fig 2) . Interestingly, the most significant findings occurred at vertebral body levels lacking spinal stenosis on conventional T2WI. At C2-C3, FA correlated with both mJOA (r ϭ 0.62, P Ͻ .01) and Nurick (r ϭ Ϫ0.46, P ϭ .01) scales. A similar pattern was demonstrated at the level of stenosis yet only reached significance with mJOA (r ϭ 0.47, P ϭ .01). Conversely, at C7-T1, Nurick reached significance (r ϭ Ϫ0.38, P ϭ .04) and mJOA trended toward significance (P ϭ .09). No significant correlation was found between FA values and more subjective patient-centered scores, including NDI and SF-36. Based on mJOA and Nurick scores, CSM appears to severely affect subjects below a threshold FA of 0.62 at the C2-C3 level (Fig 2) . High T2 SI corresponded with poor neurologic status on baseline mJOA and Nurick scores. Similar to DTI results, this association failed to reach significance on patient-centered metrics (Table 3) . No significant association was found between DCSA and baseline clinical parameters. 
Relation to Surgical Outcome
Fifteen subjects underwent surgical decompression for CSM, while the other 15 subjects were treated conservatively. Clinical myelopathy represents an operative indication, which is reflected by the finding that baseline mJOA scores in the surgical cohort were significantly lower than nonsurgical patients (Table 1) . 29 We compared the accuracy of mJOA for predicting surgical decision-making to radiologic metrics such as FA, T2 SI, and DCSA using ROCs. FA was superior in predicting which patients eventually underwent surgery, though the difference in the area under the curve was only significant for DCSA (Fig 3) .
Most (93%) patients with CSM improved on at least 1 assessment scale after surgery. No patient declined neurologically, yet the extent of recovery varied. Higher baseline FA correlated with improvement in NDI after surgery (P ϭ .04; Table 4 ). This association was absent for physical-examination-centered metrics such as Nurick and mJOA scales. However, logistic regression analysis showed a trend toward different prediction weights for FA in high, compared with low, baseline mJOA score (P ϭ .08). Severely affected patients with CSM with disproportionately high FA values tended to possess a greater chance of achieving functional recovery after surgery than those exhibiting low FA values. For an mJOA score of 8/15, each 0.1 increment in FA increases the chance of making a clinical improvement by 1.5 times (95% CI; 0.1, 42.5). This trend was not observed in patients with high mJOA scores. Baseline clinical scores were not predictive of postoperative outcome in any of the assessment measures.
A significantly greater proportion of subjects with high T2 SI underwent surgery compared with those with normal SI (Table 1 ), yet no relationship was found between T2 signal and postoperative recovery (Table 4) . DCSA possessed no significant association with any outcome measure. Discussion DTI has been found to detect differences in clinically symptomatic patients with CSM with greater sensitivity and specificity than conventional MR imaging. 2, 30 However, establishing health care utility requires further work in anchoring DTI metrics to validated clinical assessment tools. Here, we have quantified the strength of the relationship between FA values and baseline neurologic status. In addition, we have shown that FA predicts who will undergo surgery and what degree of clinical improvement they will gain. DTI shows promise for becoming an integral part of the diagnostic imaging work-up for CSM. 2, 4, 5 Although CSM remains a clinical diagnosis, DTI may add value in assessing disease severity and influence the treatment plan. Early stage myelopathy presents with subtle physical examination findings, whereas chronic CSM often coexists with lumbar spine disease, which muddles clinician assessments. Conventional imaging adds further confusion when findings are disparate to patient functional status, as with DCSA results described here and elsewhere.
2,31 DTI can increase diagnostic confidence by identifying the location of spinal cord injury and quantifying its severity. In practice, the relationship between FA and surgical decision-making (Fig 3) may help the referring primary care physician determine whether his or her patient with CSM requires neurosurgical consultation.
We report similar clinical-imaging correlations for DTI and T2 SI, which is not surprising, given that both imaging sequences are sensitive to spinal cord edema. However, this study demonstrates several advantages of DTI that may warrant its inclusion into standard protocols. FA values serve as a biomarker for long tract function ranging from healthy states to severe myelopathy. When treated as a continuous variable, FA may provide more precise characterization of CSM than binary measures like the presence or absence of high T2 SI. For instance, clinical suspicion of myelopathy may prompt a DTI examination that identifies abnormalities before the development of high T2 SI.
Results from the surgery cohort reveal that high baseline FA is correlated with postoperative functional recovery (Table  3) . Controlling for potential confounders and using nonparametric statistics limited the power of our outcomes analysis. Nevertheless, logistic regression shows an intriguing discordance between baseline clinical and MR imaging measurements in subjects who later achieved a high level of functional recovery. This finding is exemplified by subject A (Fig 4) , who possessed a relatively high baseline mJOA score of 15 yet a low FA of 0.506. The subject achieved only modest improvement after surgery. In contrast, subject B (Fig 5) had a worse baseline mJOA score of 13 but a higher FA of 0.662. Subject B improved to a greater extent, reaching the same postoperative mJOA score of 17 as subject A. This suggests that FA may serve as a useful predictor of outcome. By demonstrating that FA is anchored to discrete clinical states, this preliminary study serves as a basis for future work to determine the amount of signal loss due to reversible versus irreversible spinal cord injury. Specifically, the hypothesis that certain FA thresholds, in conjunction with baseline function, determine recovery potential after surgery warrants evaluation. This information may eventually be incorporated into surgical decision-making models. For instance, patients with a high likelihood of recovery may opt for intervention, whereas those with a low likelihood might choose watchful waiting. Such a model would minimize unnecessary surgeries, ration health care resources, and reduce costs. Expected improvement predicated on FA may also serve as an outcome measure for performance-based reimbursement and in clinical trials assessing novel procedures or instrumentation.
Limitations
We anticipated FA in the region of stenosis to provide the strongest correlation with disease severity; however, we observed that FA at C2-C3 was most strongly correlated. We believe this is an imaging artifact, as the stenotic region is highly distorted in the EPI readout and provides inconsistent DTI parameters. The cervical canal is wide at C2-C3 and remains free of osteophytes and calcified ligament that can degrade the image at the level of stenosis. Abnormal FA values at C2-C3 have been reported previously 4, 16 and may represent wallerian degeneration that has spread from a more caudal area of stenosis. 32 Therefore, C2-C3 may be a useful region of interest in the population of patients with CSM. Improvements in diffusion pulse sequences, such as reduced field-ofview implementations, may allow for superior assessment of stenotic regions in the future. 33, 34 Further studies with larger sample sizes, including a control population, are needed to validate threshold FA values indicative of disease severity and outcome. Differences in equipment, image acquisition, and processing across institutions pose additional challenges, and centers may need to develop their own reference range for DTI metrics.
Conclusions
FA values were significantly correlated with frequently used clinical assessment measures for CSM. In addition to serving as a diagnostic instrument, DTI predicts some aspects of functional recovery after surgery and may therefore have a role in decision-making models. Anchoring DTI metrics to more global quality-of-life measures may facilitate health care outcomes research into cost reduction, resource utilization, and improvements in patient care. A randomized, controlled trial with a larger sample size is needed to confirm these preliminary results.
